Even deadly prions may be widespread in nature if they spread by infection faster than they kill off their hosts. The yeast prions [PSI+] and [URE3] (amyloids of Sup35p and Ure2p) were not found in 70 wild strains, while [PIN+] (amyloid of Rnq1p) was found in ∼16% of the same population. Yeast prion infection occurs only by mating, balancing the detrimental effects of carrying the prion. We estimated the frequency of outcross mating as about 1% of mitotic doublings from the known detriment of carrying the 2-μm DNA plasmid (∼1%) and its frequency in wild populations (38/70). We also estimated the fraction of total matings that are outcross matings (∼23-46%) from the fraction of heterozygosity at the highly polymorphic RNQ1 locus (∼46% [PIN+] of S. cerevisiae are parallel in-register β-sheet amyloids of Sup35p, Ure2p, and Rnq1p, respectively (7-10); the [Het-s] prion of P. anserina is a β-helical amyloid of the HET-s protein (11). Sup35p is a subunit of the translation termination factor (12, 13), Ure2p is a regulator of nitrogen catabolism (14), and Rnq1p has no known function (15).
Even deadly prions may be widespread in nature if they spread by infection faster than they kill off their hosts. The yeast prions [PSI+] and [URE3] (amyloids of Sup35p and Ure2p) were not found in 70 wild strains, while [PIN+] (amyloid of Rnq1p) was found in ∼16% of the same population. Yeast prion infection occurs only by mating, balancing the detrimental effects of carrying the prion. We estimated the frequency of outcross mating as about 1% of mitotic doublings from the known detriment of carrying the 2-μm DNA plasmid (∼1%) and its frequency in wild populations (38/70) . We also estimated the fraction of total matings that are outcross matings (∼23-46%) from the fraction of heterozygosity at the highly polymorphic RNQ1 locus (∼46%). These results show that the detriment of carrying even the mildest forms of [PSI+] , [URE3], or [PIN+] is greater than 1%. We find that Rnq1p polymorphisms in wild strains include several premature stop codon alleles that cannot propagate [PIN+] from the reference allele and others with several small deletions and point mutations which show a small transmission barrier. Wild strains carrying [PIN+] are far more likely to be heterozygous at RNQ1 and other loci than are [pin−] strains, probably reflecting its being a sexually transmitted disease. Because sequence differences are known to block prion propagation or ameliorate its pathogenic effects, we hypothesize that polymorphism of RNQ1 was selected to protect cells from detrimental effects of the [PIN+] prion.
two-micron DNA | population genetics P rions (infectious proteins) include agents causing the spongiform encephalopathies of mammals (1) (2) (3) and an array of nonchromosomal genetic elements of the yeast Saccharomyces cerevisiae and the filamentous fungus Podospora anserina (4) (5) (6) . Most prions are self-propagating amyloids, linear filamentous polymers of a single protein. The prions [PSI+] , [URE3] , and [PIN+] of S. cerevisiae are parallel in-register β-sheet amyloids of Sup35p, Ure2p, and Rnq1p, respectively (7) (8) (9) (10) ; the [Het-s] prion of P. anserina is a β-helical amyloid of the HET-s protein (11) . Sup35p is a subunit of the translation termination factor (12, 13) , Ure2p is a regulator of nitrogen catabolism (14) , and Rnq1p has no known function (15) .
The mammalian prions are uniformly lethal but nonetheless are found in wild animals. For example, chronic wasting disease of deer and elk is found in ∼10% of wild deer in parts of Wyoming, Colorado, Illinois, and Wisconsin (16) . Evidently, infectious spread outpaces the lethal effects on the animals. The [Het-s] prion of P. anserina is involved in heterokaryon incompatibility, a normal function of that species, and, as a result, ∼80% of wild strains with the appropriate chromosomal genotype carry the [Het-s] prion (17, 18 (20) , a result confirmed by others (21) and which we interpreted as meaning that they are substantially detrimental. Nonetheless, others argue that these prions are beneficial, promoting survival by allowing cells to resist stress (22, 23) , although the reported effects were not reproducible with the same strains (24) . It is reported further that certain stress conditions increase the frequency of
[PSI+] when assayed using a synthetic Sup35p with an elevated prion-forming tendency (25) . Here we test these conditions for an effect on prion formation by the wild-type Sup35p.
Our argument, that the rare occurrence of an infectious agent in nature implies pathologic effects on the host, relies on outcross mating being a fairly frequent event. Yeast prions spread only by mating (there is no extracellular prion species in the replication cycle), and if outcross mating is extremely rare, then yeast prions could be rare even if their effects on the host were neutral. Yeast spores germinate with mating type either a or α, and a and α spores from the same tetrad may mate (intratetrad or brothersister). The mating-type switching system (homothallism) results in the clone from a single germinated spore becoming a mixture of a and α cells which can mate with each other. These two kinds of "selfing" are unlikely to spread any virus, plasmid, or prion, because probably both mating partners will lack the element, or both will have it. Alternatively, a germinated spore may mate with a haploid not derived from the same parent diploid (outcross mating), and this type of mating has the potential to spread the nonchromosomal genetic element. The frequency of outcross mating of Saccharomyces paradoxus in the wild has been estimated at one per 10 5 mitotic divisions based on studies of 20 wild strains (26) . Another study similarly estimated 0.5 outcross matings per 10 5 mitoses for S. cerevisiae (27) . Furthermore, outcross matings in S. paradoxus were estimated to comprise only ∼1% of total matings (28). This very rare outcross mating then was used to calculate the detriment of [PSI+] (29) using our finding of [PSI+] being rare in the wild (20) . Here, we use two different methods to measure the frequency of outcross matings, each resulting in a dramatically higher result than previous estimates, and with a corresponding dramatic impact on estimates of the detriment of carrying [PSI+], [URE3], and [PIN+] .
Prion transmission generally is limited by differences in amino acid sequence between donor and recipient strains, a phenomenon first seen in the species barrier of scrapie transmission (reviewed in ref. 30) , later recognized as a requirement for homozygosity at PrP residue 129 for Creutzfeldt-Jakob disease (31) , and recently reported in a barrier to the transmission of [PSI+] and of [URE3] between Saccharomyces species (32, 33) . Even within S. cerevisiae, there are several groups of polymorphs of Sup35p between which prion transmission is inefficient; we suggest the existence of these polymorphs was selected to protect yeast from the detrimental effects of [PSI+] (34), just as polymorphisms of human PrP are believed to have been selected to protect against kuru-like epidemics of prion disease (31) . As for the interspecies barrier (35), we found that sequence differences in both the Sup35p N and M domains are important in the intraspeciestransmission barriers (34) . Rnq1p has been reported to be quite polymorphic in clinical isolates of S. cerevisiae (36). Here we examined a wider range of wild S. cerevisiae strains and tested the effects of these polymorphisms on transmission of the [PIN+] prion.
Results
Estimation of Mating Frequency Based on 2-μm DNA Plasmid. Both Futcher and Cox (37) and Mead et al. (38) have shown that 2-μm DNA slows the growth of laboratory haploid or diploid strains by 1-3%. We used similar mixed-culture competition methods (Materials and Methods), constructing duplicates of each strain, to confirm this result with the wild strain, Y1089, which shows an ∼16% slowing of growth by 2-μm DNA (Fig. S1 ). Strain Y1089 originally lacked 2-μm DNA, perhaps for this reason. For further calculations, we use the conservative estimate of 1% growth slowing to get a minimum estimate of the frequency of outcross mating.
To calculate the frequency of outcross mating, we note that the 1% slowing of growth by 2-μm DNA (and the rare spontaneous loss of the plasmid) must be just balanced by the spreading of the plasmid by outcross matings, resulting in an equilibrium frequency of occurrence of the plasmid in 38 of 70 wild strains (Discussion, Outcross Mating Calculated from 2-μm DNA Data). This fact implies that there is about one outcross mating per 100 mitotic divisions, similar to analogous estimates by Futcher and Cox (37) .
Natural Variants of RNQ1 in Wild Strains of S. cerevisiae. To quantify intraspecies genetic variation and examine patterns of natural selection, we sequenced the RNQ1 locus and, as controls, TRP1, a gene critical for growth we expected to be conserved, and YGL108C, a nonessential gene with no known function that might evolve neutrally. We used the S. cerevisiae population genomic structure inferred by Liti et al. (39) as a guide to obtain yeast strains from as many genetic subpopulations as possible. Eighty-three wild and domesticated yeast isolates originating from a variety of ecological niches and geographic locations were sampled (Table S1 ). RNQ1 was more polymorphic than the control genes, with 16 indels, 37 synonymous SNPs, and 22 nonsynonymous SNPs, five of which resulted in premature stop codons (Fig. 1) . Overall we detected 75 polymorphisms resulting in 66 distinct nucleotide haplotypes and 44 distinct protein haplotypes in the sampled population. Most of the polymorphisms consisted of low-frequency alleles, although nearly a third were found in >5% of isolates. The frequencies of the most common alleles are shown in Fig. 2 and Table S2 ).
Nucleotide diversity (π, the average number of pairwise nucleotide differences per nucleotide between all possible strain pairs) at RNQ1 was similar to that in YGL108C and to the average for S. cerevisiae but was slightly higher than in TRP1 (Table 1) . In contrast, nucleotide polymorphism (θ, the total number of polymorphic sites per nucleotide, standardized by the number of strains) for RNQ1 was higher than in the two control genes or in the S. cerevisiae genome (39) ( Table 1) .
Nucleotide diversity and nucleotide polymorphism were highly variable across the length of RNQ1 (Fig. S2) , reaching maximum values in the C-terminal prion domain (maximum π = 0.021, maximum θ = 0.019). When analyzed separately, the prion domain showed slightly higher values of nucleotide diversity, nucleotide polymorphism, and polymorphism frequency (on average, one polymorphism every 14 bp in the C domain vs. every 23 bp in the N domain) ( Table 1) .
Nearly half (49%) of wild isolates were heterozygous at RNQ1 for one or more polymorphisms, whereas 26% were heterozygous at TRP1, and only 9% were heterozygous at YGL108C. Observed heterozygosity was much higher in [PIN+] Fig. S2 ) and, when calculated for 100-bp regions of DNA, revealed marginally significant positive values (D = 2.2, P < 0.05) for nucleotides 1002-1126 within the C-terminal domain of the protein.
The McDonald-Kreitman tests for neutrality (40) were not significant for the three loci tested (Table S3 ), indicating that adaptive evolution has not acted on these loci since the S. cerevisiae and S. paradoxus lineages split. Transmission Barriers Between Rnq1p Polymorphs. Laboratory strains were prepared with RNQ1 from several wild strains (Table S4) , and [PIN+] was introduced by cytoplasmic mixing (cytoduction) from a strain with the reference RNQ1 sequence (Table 2) . Most recipients could propagate [PIN+] , showing no transmission barrier. The premature termination polymorphs with the largest residual fragments each failed to propagate [PIN+], and we presume those making even shorter fragments would fail also. An allele with several point mutations and two small deletions also showed a mild transmission barrier ( Table 2) .
Estimate of the Fraction of Outcross Matings Based on RNQ1
Heterozygosity. Because RNQ1 is highly polymorphic, the level of heterozygosity is particularly well suited for estimating the fraction of matings that are outcross matings, as opposed to intratetrad matings or homothallism matings (Introduction). If we assume that matings can be only homothallic or outcross matings, then outcross matings constitute >46% of total mating (Discussion, Calculation of the Fraction of Outcross Mating from the Heterozygosity at RNQ1). If we assume that matings can be only intratetrad (between germinating spores of the same tetrad) or outcross matings, then outcross matings constitute >23% of total matings (Discussion, Calculation of the Fraction of Outcross Mating from the Heterozygosity at RNQ1). Our data do not allow us to discern what fraction of non-outcross matings are homothallic and what fraction are intratetrad, but calculation of these two extreme cases indicates that the true fraction of outcross matings must be at least 23-46%. were a conserved mechanism, we would expect reproducible and substantial induction, much like the induction that is achieved easily by NM overexpression (Fig. S3) .
Discussion
Yeast prions, like yeast viruses, never propagate via the extracellular space, so infectivity is limited by the frequency of outcross matings. Naturally occurring viruses and plasmids that are only slightly detrimental provide a yardstick for comparison with prions. Previous work from two groups showed that the 2-μm DNA plasmid slows the growth of haploid or diploid laboratory S. cerevisiae by ∼1-3% (37, 38) , and our data with a wild strain confirm this picture. Although past attempts to find an advantage of carrying 2-μm DNA have failed, it remains possible that 2-μm DNA is advantageous under some circumstances, and such an advantage would weigh against the detriment shown here and by others. Because 2-μm DNA does not infect detectably by an extracellular route (37) or arise de novo short of geologic time, the rate of slowing of growth plus spontaneous loss must be balanced by spread by outcross mating to maintain the incidence of 2-μm DNA in 38 of 70 wild strains (20) . We calculate that, assuming a conservative 1% slowing of growth, outcross mating of yeast must occur about once per 100 mitotic divisions (see calculations for outcross mating below).
Conservative assumptions in our calculation of mating frequency include (i) taking 1% as the detriment of 2-μm DNA, (ii) assuming random mating, (iii) ignoring mitotic recombination, (iv) assuming meiosis and sporulation are completed as quickly as mitosis, and (v) neglecting plasmid loss in meiosis. Nonrandom distribution of cells with and without 2-μm DNA leads to nonrandom mating and a slower spread of the plasmid. The actual outcross mating must be greater than our estimate to give the observed incidence of the plasmid. Cluster analysis of our sequence data suggests that our wild strains are grouped into several subpopulations, but strains with and without 2-μm DNA are found in each subpopulation. The assumed even probability of meiosis and sporulation in each generation certainly is unrealistic but again is a conservative assumption, because a series of meioses localized in space and time could saturate the population with 2-μm DNA or waste meioses if none of the local population had the plasmid. Because outcross diploids could be either more or less fit than intratetrad or intraspore diploids, we have assumed that there is no difference. If outcross diploids were generally more fit, we would get a falsely high outcross mating estimate, but selective survival of outcross diploids also would favor spread of plasmid-or prion-containing cells. The conclusion that the prions are more detrimental than 2-μm DNA is independent of this issue.
We examined wild alleles of the RNQ1 gene and found that RNQ1 is somewhat more variable than the control genes TRP1 and YGL108C, having both a larger number of polymorphs (θ = nucleotide polymorphism) and a slightly higher average diversity (π = nucleotide diversity). We recognize that our widely dis- This polymorphism also provides an independent measure of what fraction of matings are outcrosses. Although the S. paradoxus study found only one of 28 diploids to be heterozygous and estimated outcross matings as representing only 1% of total matings (28), we found nearly 50% of wild S. cerevisiae to be heterozygous for RNQ1, indicating a much higher fraction of matings being outcrosses (compared with homothallic matings and intratetrad matings). Our result indicates that a large fraction of matings are outcross matings, consistent with our estimate of outcross mating based on the 2-μm plasmid. Our data do not allow us to determine independently what fraction of matings were homothallic and what fraction were intratetrad. If we assume that matings were either outcross or intratetrad, then outcross matings were >23% of the total. If we assume matings were either outcross or homothallic, then outcross matings were >46% of all matings. Because mitotic recombination produces homozygosity and we cannot correct for such events, these are minimum estimates. Similar calculations using heterozygosity at TRP1 and YGL108C give estimates of 13-35% for outcross mating.
It also was striking that 80% of the 15 [PIN+] strains were heterozygotes and thus were the products of outcross matings, whereas only 45% of [pin−] strains were heterozygotes, a difference significant at the P = 0.015 level (Fisher's exact test) [PIN+] are present in ∼1%, 1%, and 16% of wild strains, respectively, they must each confer a detriment of about 1%. It is evident that in our model the frequency of outcross mating drives the calculated detriment (Table 3) .
A report that [PSI+] makes cells resistant to heat or to elevated ethanol concentration (22) was not confirmed by a second report (23) , and the benefits of [PSI+] reported in this second report again were not confirmed by a third report using the same strains (24) . If yeast prions do provide a benefit, then yeast should be able to induce their appearance under suitable conditions. The frequency of [PSI+] arising de novo is reported to be elevated under certain stress conditions in a strain with an expanded Sup35 prion domain that converts to the prion form more often, even without stress (25) . The extensive cell death found under the stress conditions may have supplied adenine to the remaining cells, allowing residual growth, and thus the apparent slight elevation of [PSI+] clones recovered may have resulted from underestimating the population from which those clones arose. We find that these stress conditions do not elevate [PSI+] (19) . Extensive barriers to transmission of [PSI+] between wild S. cerevisiae have been found, suggesting that this protection from "catching" a prion has been selected in evolution (34) . The notion that prion-forming ability is generally conserved (46) is not true for Ure2p, as the Saccharomyces castellii, Kluyveromyces lactis, and Candida glabrata Ure2ps cannot become [URE3] even though they are closely related to that of S. cerevisiae Ure2p, whereas the more distantly related Candida albicans Ure2p can form a prion (33, 49, 50) . Prion-forming ability appears to be sporadic rather than conserved. The continued presence of prion domains reflects their nonprion functions. The prion domain of Sup35p is important for the general mRNA turnover process (51, 52) , and that of Ure2p is important in stabilizing the protein against degradation in vivo (53).
Previous theoretical analysis (29) In sexual organisms, the mutation rate appears to be lowered to a level limited by the cost of further fidelity [reviewed in ref. 56] or by the power of selection for an even lower mutation rate (57) , not by a need for beneficial mutations. If the mating fre-quency of S. cerevisiae were once per 10 5 mitoses, as estimated for S. paradoxus (26), one might argue that this yeast is basically asexual, and selection for diversity can operate in such circumstances (58) . Our evidence that S. cerevisiae mates ∼1,000-fold more frequently indicates that it is largely sexual and argues that selection for diversity is not feasible. Cells have a wide array of systems to prevent and repair DNA damage, suggesting that there is not a shortage of diversity.
The evidence presented here indicates that S. cerevisiae mates far more often than had been thought, that a large proportion of these matings are outcross matings, and thus that any stable nonchromosomal genetic element that is not found in most cells must be detrimental.
Outcross Mating Calculated from 2-μm DNA Data. We present an elementary treatment, following Hickey (59), of a subject that has been dealt with in much greater depth and sophistication by others (29, (59) (60) (61) (62) .
We divide the calculation into phase "a," the effect of the growth defect (or advantage) of cells with the plasmid, and phase "b," which accounts for the loss or gain of the plasmid. We assume that these effects are independent. Let the fraction of plasmid-positive cells at the start of generation n be p n ; after phase a it is p na ; after phase b it is p nb = p n+1 . The fraction of plasmid-negative cells at generation n is 1 − p n ; similarly for 1 − p na , and 1 − p nb . Growth defect evaluation (phase a). R = growth rate of plasmidpositive cells compared with plasmid-negative cells (0.97-0.99 for 2-μm DNA): Note that at equilibrium, the fraction of plasmid-positive cells at generation n must equal that at generation n+1, so the decrease in phase a must be just balanced by an increase in phase b. Loss or acquisition of plasmid (phase b). Hickey (59) assumes all cells mate every generation and sets the fraction with plasmid after mating at p 2 + 2p(1 − p). However, in our case only a fraction of cells mate in each generation, and matings can be (i) within a spore clone, (ii) between different cells from the same tetrad, or (iii) between cells from different tetrads (an outcross). Only outcrosses have the possibility to spread the plasmid and are assumed to be random in the population. The probability of such outcross per generation is denoted M.
As shown by Futcher and Cox (37), 2-μm DNA does not spread except by mating; there is no extracellular mode of spread. In meiosis, 2-μm DNA segregates 4+:0 (63). L = probability of plasmid loss in one generation [∼10 −4 for 2-μm DNA (37)]. G = probability of spontaneous plasmid gain in one generation (essentially 0 for 2-μm DNA but nonzero for prions).
L, G, and M are small, so we assume LG, GM, and LM are each negligible.
LG and GM are essentially zero. LM must be very small, and neglecting it only decreases the estimate of mating frequency, a conservative assumption. Unlike [PSI+] , some variants of [URE3] are often lost in meiosis, so this analysis only applies to those variants that segregate 4+:0.
Cells not mating (1 − M of the total) will have the plasmid after phase b if they had it at the end of phase a (p na ) and did not lose it (probability 1 − L) or if they lacked it at the end of phase a (1 − p na ) and gained it (G).
So the nonmating part of p nb is (
Cells 
At steady state, p n+1 = p n ; i.e., the fraction of cells with plasmid does not change.
Substituting values for 2-μm DNA:
Note that we have assumed in the phase-b analysis that the average time taken for mating-meiosis is the same as for mitotic growth. Actually, mating-meiosis, particularly the meiosis-sporulation part, generally takes more than 10 times as long as one cycle of mitotic growth. This approximation again is a conservative assumption that results in an underestimate of the frequency of mating and meiosis.
Thus, mating-meiosis occurs ≥1% as often as mitotic division. This conclusion is reasonable, because we assumed the growth defect is 1% (it has been measured at 1-3%, and even higher in a wild strain), and the mating must compensate for that deficit. The rate of plasmid loss is only 10 −4 and so is a much smaller factor than the growth defect caused by the plasmid. Futcher and Cox (37) made a similar estimate on similar grounds (once per 200-400 divisions), but Futcher et al. (64) apparently made a calculation error, reaching a value of 0.02 matings per 100 mitotic divisions, assuming 99% of strains carry the plasmid, instead of the ∼2 matings per 100 mitotic divisions that our calculation implies with their assumptions. Calculated fractions of outcross matings are tabulated for various possible observed detriment values in Table S5 .
Calculation of the Fraction of Outcross Mating from the Heterozygosity at RNQ1. We observed 38/83 (46%) heterozygosity in wild strains at RNQ1, counting only alleles observed in more than one strain so that none are caused by mutations arising in the particular wild strains studied and thus all heterozygosity must originate from mating (a conservative approximation). A yeast spore originating from a heterozygote (at RNQ1) can mate with (i) another member of the same tetrad, with a one-in-three chance of becoming homozygous (actually a 0.3223 chance, because RNQ1 is loosely linked to the mating type on chromosome III); (ii) with another member of the same spore clone whose mating type was switched by homothallism, resulting in complete homozygosis at all loci; or (iii) with a haploid not from the same tetrad (outcross mating).
If we ignore intratetrad (type i) mating, then >46% of all matings are outcross matings because homothallic (type ii) matings make the cells homozygous. The actual percentage is greater, because this analysis ignores mitotic recombination and the occasional outcross mating with the same allele, each of which can produce homozygosity at RNQ1 even in a diploid that came from outcross mating.
If we ignore homothallic (type ii) matings, then matings will be either outcross (type iii) or intratetrad (type i). We consider spores from the 54% homozygous and 46% heterozygous diploids separately. Spores from a heterozygous diploid that mate within the tetrad (frequency s) will become homozygous with a probability of 0.3223 (see above) and will remain heterozygous with a probability of 0.6777. Those that have an outcross mating (frequency 1 − s) will become heterozygous with a probability of 95% (= 1 − Σ alleles p allele 2 ) based on the distribution of alleles we find in the population (Table S2 ). All spores from a homozygous diploid will remain homozygous if they have an intratetrad mating and will remain homozygous with average probability 0.05 if they have an outcross mating. We assume that the observed fractions of homozygotes and heterozygotes are equilibrium values.
Thus, the fraction of homozygotes = p(homo) = 0.54. This value is a minimum estimate of the fraction of outcross matings because mitotic recombination also can result in homozygosis at RNQ1, although RNQ1 is relatively close to its centromere (43 kb), so this effect will not be a big effect (mitotic recombination homozygosis only affects markers centromere-distal to the site of the crossover). It was probably a much larger factor in the study of S. paradoxus (26) because the loci used included three that were 326, 362, and 935 kb from their respective centromeres. ) as a function of its actual abundance in nature using the value of outcross frequency obtained from the 2-μm DNA data. This calculation is the inverse of that done in calculating outcross mating from the 2-μm DNA data, where we knew the detriment and calculated the outcross mating frequency.
The PSI+ fraction at equilibrium (p n ) is assumed to be 1%.
To calculate R as a function of p n :
Using the values of L, G, and M above, we find the following relation between the equilibrium value of p and the growth defect, R, shown in Table 3 . The calculation may be done using the .xls file, Dataset S1.
Materials and Methods
Strains, Media, and Genetic Methods. Media were as described in ref. 65 , wild strains are listed in Table S1 , and laboratory strains are listed in Table S4 . The naturally heterothallic Y1089 was grown in sporulation medium (0.3% potassium acetate, 0.02% raffinose) at 30°C for 10 d. Following tetrad dissection, a single MATα spore was isolated and streaked to single colonies. In two of these colonies, the ADE2 gene was replaced by a PCR-generated kanMX4 cassette. To ensure that the kanMX4 cassette integrated properly into the ADE2 locus, we used PCR to amplify deletion junctions from genomic DNA of G418-resistant colonies. Two colonies streaked from the original spore clone and two ade2:: kanMX4 colonies were transformed with overlapping fragments of 2-μm plasmid DNA amplified from genomic extracts of a wild [cir+] strain. We confirmed in vivo ligation of fragments in the transformants by PCR using primers that overlapped the ligation junctions within the 2-μm plasmid. The primers used for confirming ADE2 gene replacement, amplifying 2-μm fragments, and confirming in vivo ligation are shown in Table S6 .
Two different isolates of each of the four cell types were isolated so that competition experiments could be done in replicate. 3 cells/mL in 50 mL of yeast extract peptone dextrose plus adenine (YPAD) medium. Replicate mixed cultures were grown at 30°C with shaking and were maintained in log phase where cells were diluted to 5 × 10 3 cells/mL in 50 mL of fresh YPAD every 24 h. Every 48 h ∼1,000 cells from each culture were plated on 1/2YPD medium. Plates were grown for 48 h at 30°C, and the ratio of white to red cells was recorded.
Characterization of RNQ1 in Wild Isolates of S, cerevisiae. From 83 wild isolates we amplified and sequenced the RNQ1, TRP1, and YGL108C loci. When necessary, PCR products were cloned to resolve ambiguous sequencing reads that resulted from heterozygous genotypes at one or more loci. A few of our wild isolates were polyploid; at least two spore clones from these strains were sequenced to resolve haploid genotypes. Using CodonCode Aligner (version 3.7.1; CodonCode Corporation) we aligned nucleotide sequences of the three loci to corresponding reference sequences from strain S288C and documented the location and frequency of SNPs, insertions, and deletions.
The total number of polymorphisms per locus was determined considering each SNP or insertion/deletion event as one site. We calculated observed heterozygosity per locus as the proportion of heterozygous individuals in the population.
When a gene sequence showed more than one heterozygous site, we used DNAsp version 5 (66) to reconstruct haplotypes and verified the conclusion by sequencing from single-spore clones or individual DNA clones. We also used this program to calculate nucleotide diversity (π, the average number of pairwise differences per nucleotide site), nucleotide polymorphism (θ, the number of polymorphic sites per nucleotide, standardized by the number of strains), and the number of synonymous and nonsynonymous polymorphisms for RNQ1, TRP1, and YGL108C. We tested loci for selective neutrality using Tajima's D (67), calculated for all segregating sites and including gaps at each locus. The statistical significance of Tajima's D values was determined per Tajima (67) . To investigate changes in genetic variation and selection across the length of each gene, we also conducted a slidingwindow analysis with nucleotide diversity, nucleotide polymorphism, and Tajima's D values calculated every 100 bp with a 25-bp step-size.
To investigate selective neutrality further, we used the McDonald-Kreitman (40) test to compare synonymous and nonsynonymous polymorphisms within wild isolates and between S. cerevisiae and S. paradoxus. All available RNQ1, TRP1, YGL108C sequences for S. paradoxus were downloaded from publically accessible databases and compiled for use as the outgroup for McDonald-Kreitman tests. Nucleotide sequences of S. paradoxus were provided by the Saccharomyces Genome Database and the Genome Informatics group at the Wellcome Trust Sanger Institute.
To test for barriers to [PIN+] transmission, sporulated wild strains were crossed with haploid his4 ho::kanMX ura3 laboratory strains. His+ Ura− G418-resistant segregants, presumed to have the wild strain's RNQ1 gene, were checked by sequencing and were used as cytoduction recipients from a [PIN+] strain with the reference RNQ1 sequence.
